A model has been developed based on random walk theory that allows the diffusion of light along a principal axis to differ from that in orthogonal directions. We present expressions that describe the time-resolved intensity measured across a slab and on the surface of a semi-infinite medium for a principal axis oriented parallel or perpendicular to the surface. The model of time-resolved transmittance is compared with experimental data acquired by use of a phantom consisting of wax fibers arranged within a solid cube of resin. It is shown that a single set of optical parameters is sufficient to model the experimental measurements acquired across all three orientations of the cube. Most experimental systems offer one of three types of measurement: continuous-wave (cw) intensity values, times of f light (in response to illumination by a short pulse), and amplitude and phase data (in response to an intensity-modulated source). Because of the strong scatter of visible and near-infrared radiation in tissue, derivation of the optical properties requires assumptions about (or prior knowledge of ) the statistical behavior of light within the medium and the use of an appropriate model of the light transport. Monte Carlo methods can be used to model photontissue interactions very precisely for an arbitrary three-dimensional distribution of optical properties but are inappropriate for large volumes because of the computational expense. For modeling photon migration in larger volumes, analytic solutions to the diffusion equation have been widely used, 2 -4 often demonstrating good agreement with experimental measurements on tissues.
A variety of optical techniques are being developed for determining the absorbing and scattering properties of human tissues from measurements of transmitted or ref lected light. These techniques can potentially yield diagnostic information about a localized region near the surface, or images representing the spatial variation in properties within the volume. 1 Most experimental systems offer one of three types of measurement: continuous-wave (cw) intensity values, times of f light (in response to illumination by a short pulse), and amplitude and phase data (in response to an intensity-modulated source). Because of the strong scatter of visible and near-infrared radiation in tissue, derivation of the optical properties requires assumptions about (or prior knowledge of ) the statistical behavior of light within the medium and the use of an appropriate model of the light transport. Monte Carlo methods can be used to model photontissue interactions very precisely for an arbitrary three-dimensional distribution of optical properties but are inappropriate for large volumes because of the computational expense. For modeling photon migration in larger volumes, analytic solutions to the diffusion equation have been widely used, 2 -4 often demonstrating good agreement with experimental measurements on tissues. 2, 5 The optical properties of biological tissues are typically characterized in terms of the velocity of light in the tissue (c); the probability of absorption, described by the absorption coefficient m a ; and the probability of scatter, described by the scattering coeff icient m s and the scattering phase function. For models developed for larger volumes, it is commonly assumed that the scattering probability is independent of a photon's direction of travel, and therefore the phase function can be represented by the mean cosine of the scattering angle (g). Diffusion theory makes a further simplifying assumption that scatter can be characterized by a single parameter: modif ied scattering coeff icient m s 0 m s ͑1 2 g͒, which implies that scatter can be considered isotropic over distances larger than 1͞m s 0 . However, the assumption that photon migration is independent of direction is unlikely to be appropriate for some tissues in the body, particularly those that consist of aligned fibers, where light will have a tendency to propagate along the f iber direction. Examples include muscle, skin, and white matter in the brain, all of which have been examined by use of near-infrared techniques.
The first attempt to develop an appropriate model for anisotropically scattering media was presented by Heino et al., 6 who derived an anisotropic diffusion equation in which the scalar diffusion coeff icient is replaced with a tensor that describes the relative probability of diffusion parallel and perpendicular to the fiber orientation. Two-dimensional f inite-element and boundary-element solutions to the anisotropic diffusion equation were found to agree well with the predictions of a three-dimensional Monte Carlo model. More recently, this problem has been examined using random walk theory, which represents a discrete analog of diffusion theory. Random walk theory has been used to generate a broad variety of analytic expressions for time-resolved transmittance and ref lectance of light in diffusing media. 7, 8 By employing different transition probabilities along the three axes of the lattice, Dagdug et al. 8 formulated an anisotropic random walk theory model for continuous intensity and time-resolved measurements. This model characterizes the anisotropy in terms of a bias parameter B, def ined as the ratio of the transition probabilities in directions parallel with and perpendicular to the fibers. We have modif ied the equations presented by Dagdug et al. 8 to derive expressions for the time-dependent intensity measured across a slab with scattering anisotropy. Two cases have been considered: a slab with fibers aligned perpendicular to the slab surface (longitudinal directionality), and a slab with f ibers aligned parallel to the surface (lateral directionality). In each case a pointlike source and detector are aligned on opposite sides of the slab, separated by slab thickness d. When the slab is illuminated with a pulse of light of negligible duration, the detected intensity as a function of time t for longitudinal directionality is given by
where I n represents a modified Bessel function of the first kind. The corresponding equation for f ibers parallel to the surface is
For longer f light times (m s 0 ct . . 1), the Bessel function can be approximated by an exponential: I 0 ͑j͒ exp͑j͒͞ p ͑2pj͒, which simplif ies Eqs. (1) and (2) to
Note that it is straightforward to account for internal ref lection resulting from a refractive-index difference at the boundaries by incorporating an extrapolated boundary condition (zero f luence at the plane parallel to the boundary but shifted a distance d e outward from the scattering medium) into the theoretical model. The dependence of d e on the ref lective properties of the boundary and the scattering coefficient of the medium is described elsewhere. 9, 10 In this Letter we compare Eqs. (3) and (4) with experimental data generated by use of a solid anisotropically scattering phantom. The phantom, illustrated in Fig. 1 , consists of an epoxy resin cube containing 350 parallel holes f illed with paraffin wax. The holes, which have a diameter of 1.59 mm, were created by inserting stainless-steel rods into the liquid resin before setting. After extracting the rods, we heated the cube above the melting point of wax and filled it with molten wax. Titanium dioxide scattering particles and near-infrared dye were added to the resin to provide a modif ied scattering coeff icient of m s 0 1.0 6 0.05 mm 21 and an absorption coefficient of m a 0.01 6 0.001 mm 21 at 780 nm. The corresponding parameters estimated for the paraff in wax are m s 0 0.15 6 0.05 mm 21 and m a 0.008 6 0.001 mm 21 . The cube has a side length of 50 mm, and the proportion of the cube volume occupied by wax was 28%. The phantom can be considered to consist of a series of wax f ibers oriented perpendicular to two opposite faces of the cube.
A cubic phantom enables the light propagation across all three orthogonal directions to be measured and compared with the model. However, the model assumes a slab geometry with an infinite extent in the lateral direction, and therefore signif icant light loss from the sides of the cube would be likely to inhibit comparison with the model. To reduce the effect of light loss from its sides, we placed the cube in a rectangular transparent plastic box and surrounded it with liquid epoxy resin having the same optical properties as the solid resin within the cube. The box has internal dimensions of 50 mm 3 100 mm 3 145 mm. By rotating the cube within the box, transmittance measurements could be made for all three orientations. Measurements of the times of f light of transmitted photons were made at 780 nm with a source and a single detector of the multichannel imaging system described by Schmidt et al. 11 In each case the source and detector fibers were placed in the center of the opposite faces of the cube. Each of the three recorded time-of-f light distributions consisted of approximately 4 3 10 6 photons. Not unexpectedly, the temporal histograms recorded for the two lateral orientations of the cube (where the wave f ibers are parallel to the slab surface) were almost identical, and an average of the two was generated. A least-squares algorithm was then used to fit Eqs. (3) and (4) simultaneously to the histogram for the longitudinal orientation (fibers perpendicular to the slab surface) and the average histogram for the lateral orientation, respectively. The invalidity of the model at short f light times (because of the condition that enables the Bessel function to be substituted by the exponential) was investigated empirically by modeling slabs for a range of optical parameters. In general, substitution yields physically sensible results for f light times greater than that at which the model intensity first exceeds half the peak amplitude. In practice this corresponded to f light times greater than 500 ps for the longitudinal model and greater than 600 ps for the lateral model. The fitting algorithm derived five parameters: m a , m s 0 , B, and two arbitrary amplitude terms. For the velocity of light c in the phantom we used a value of 0.197 mm͞ps, calculated from the average of the refractive indices for resin (1.56) and wax (1.43) at 780 nm, weighted by their relative proportions within the cube. Figure 2 shows the experimental data for the longitudinal and lateral orientations and the corresponding fits of Eqs. (3) and (4). The parameters of the best fit were m a 0.028 6 0.002 mm 21 , m s 0 0.70 6 0.02 mm 21 , and B 1.42 6 0.01. The modified scatter coefficient obtained from the model fit is consistent with the volume-weighted average of the coefficients for the resin and wax components (0.76 6 0.05 mm 21 ), although the absorption coeff icient is significantly greater than that of either component. There are several potential causes of discrepancy between the model and data that might yield an unrealistically high absorption value. First, the model does not take into account the internal ref lection at the boundaries between the slab, the plastic box, and the surrounding air as a result of their refractive-index differences. Second, the slab was not anisotropically scattering throughout its volume, since the f luid surrounding the cube was homogeneous. Detected photons with long f light times are likely to have migrated into the surrounding f luid before scattering back toward the detector, and the homogeneity of the liquid may subsequently inf luence the derived parameters. Third, the phantom's wax fibers are discrete on a scale of the diffusion path length (1͞m s 0 ), and therefore the medium does not match the uniformity assumed by the model. Despite these limitations, the fact that a single set of parameters, m a , m s 0 , and B, is sufficient to fit both temporal histograms simultaneously provides an encouraging support of the model. Although this model could be used to study and characterize f ibrous tissues such as muscle, for large tissue volumes a ref lection geometry is often more appropriate. Using the analysis of Dagdug et al., 8 we have generated the following expressions for the time-dependent ref lected intensity, for a source and detector on the surface of a semi-infinite slab at coordinates ͑0, 0, 0͒ and ͑X, Y , 0͒, respectively:
Equation (5) . Equation (6) provides a further physical interpretation of parameter B: it is evident that at any instant t the isointensity envelope on the surface of the medium corresponds to BX 2 1 Y 2 constant, which is an ellipse with an eccentricity p B along the fiber (Y -axis) direction. A generalized version of the random walk model was recently developed in which the orientation of (aligned) fibers is not required to be either parallel or perpendicular to the medium surface. 12 The new model allows the orientation as well as the scattering anisotropy to be derived from both time-resolved and cw ref lectance measurements.
